Introduction
Many insects have the ability to cling to inclined, smooth surfaces such as those of vegetation or windows, and much work has been undertaken to determine how this may be accomplished (West 1862; Simmermacher 1884; Gillett and Wigglesworth 1932; Stork 1980a) . Several authors (Edwards and Tarkanian 1970; Stork 1980a Stork , 1980b Stork and Evans 1976) have discussed the use of setae modified to form adhesive organs that allow true bugs and beetles to adhere to such surfaces.
Male predaceous diving beetles in the subfamily Dytiscinae possess a large palette on the forelegs ( Fig. 1) (Blunck 19 12a) . Palettes are expanded tarsomeres that are equipped with modified adhesive setae (Simmermacher 1884; Torne 1910; Stork 1980b) . Adhesive setae in Dytiscus are of the articulo-seta type (Stork 1980b ) and consist of a disc in the shape of a shallow bowl with a shaft attached to its convex surface. At the junction between the shaft and the disc, there is a constricted region that bears a series of deep folds (Blunck 1912a; Stork 1980a) . These folds allow the disc to tilt about any axis perpendicular to the shaft. The discs are reinforced by radiating, flexible chitinous rods (Torne 19 10) .
These setae adhere to the surface of a female at the beginning of mating (Blunck 1912b; Aiken 1992) . Several studies of the mating behaviour of members of the genus Dytiscus (RCgimbart 1877; Blunck 19 12b; Wesenburg-Lund 19 12; Adis 1974a Adis , 1974b Aiken 1992) have shown that there is little or no courtship by the male. Instead, a male will attack a female from above in the water column and strike her with his palettes on her dorsal surface, usually on the pronotum or anterior portion of the elytra. Females respond by swimming rapidly and erratically away from the male. During this escape phase, males are often attached to the female only by the adhesion between the modified setae on the palette and the dorsal surface of the female. In this study, we examine the adhesive strength of these palettes and the effect of removal of certain adhesive setae.
Materials and methods

Specimens and measurements
One hundred adult males, preserved in 70% ethanol, were selected arbitrarily from a sample collected in George Lake, Alberta, at the Department of Entomology (University of Alberta) Field Station.
The animals were measured from the frons to the terminal segment of the abdomen, using Manostat calipers. Palettes were measured using the ocular micrometer of a Wild M-5 dissecting microscope. The width (distance across the palette perpendicular to the tarsus) and length (distance along the palette parallel to the tarsus) of the entire palette were taken. The diameters of the two largest setae (hereafter referred to as the primary and secondary setae, respectively (Fig. 1)) were also recorded.
Adhesive strength of the palettes
The forelegs of 20 males were severed at the femur-tibia joint, and a 15 mm length of 0.035 mm diameter copper wire was attached to the tibia of each animal at right angles to the palette with epoxy glue. Attaching the wire perpendicularly to the palette ensured that the maximum vertical force could be applied to the palette and reduced variation caused by wire attachment at different angles.
The measurement apparatus consisted of a Mettler PE400 balance and an Olympus VM dissecting microscope. A clamp was attached to the lens housing of the microscope, with the arm of the clamp extending horizontally over the balance. A looped 70 mm length of copper wire was attached to the arm of the clamp and extended down perpendicularly to the dish of the balance. The observation apparatus consisted of a Panasonic WV 3250 colour video camera whose output was fed into a Panasonic AG-6050 time-lapse video cassette recorder and a Panasonic CT 110 MCA monitor. All observations were recorded at 2 h recording mode to allow the playback to be slowed.
The wire attached to the tibia was inserted through the loop of the wire attached to the clamp. A few drops of water were put onto the dish of the balance, and the microscope lens housing was lowered until the palette was resting loosely in the water. The palette was then pressed evenly onto the dish of the balance with a blunt probe to ensure that no air bubbles were trapped under the palette. The camera and recorder were then turned on and the initial weight on the balance was noted. The lens housing of the microscope was then slowly elevated, pulling on the looped wires and the palette until the palette broke free of the dish. The video recording was then immediately played back and the balance reading when the palette broke away was noted. Subtraction of the initial from the final balance readings represented the mass that could be lifted by the palette.
Disc removal
The primary adhesive seta (pas, Fig. 1 ) was removed by gently grasping it with a pair of dissecting forceps and cutting it at its base with iridectomy scissors. Extreme care was taken to avoid disturbing the setae surrounding the primary seta and to avoid altering the angle of wire attachment of the palette. The palette, now without the primary seta, was repositioned in the experimental apparatus and the entire procedure repeated to remove the secondary adhesive seta.
After every experiment, the water on the dish of the balance was replaced. (Fig. I ) The palette is formed from the lateral expansion of the second, third, and fourth tarsomeres of the foreleg. Palettes are cup-shaped structures 2.06 f 0.12 (SD) mm wide and 1.76 f 0.54 (SD) mm long (N = 100). There is a significant correlation between the width of the palette and the total length of the animal ( y = 19.6 + 5.71x, 6 = 0.37, p < 0.05).
Results
Description of palettes
The ventral surface of the first segment of the palette contains the primary and secondary adhesive setae. The primary seta is 0.94 f 0.08 (SD) mm in diameter and the secondary seta 0.65 + 0.12 (SD) mm in diameter. The rest of the ventral surface of the entire palette is covered with up to 150 small tertiary setae with a maximum diameter of about 0.05 mm.
Discs on the primary and secondary setae both have the appearance of shallow saucers sitting atop narrow stalks. The stalk inserts on the convex surface of the disc so that the concave surface faces distally. At the junction of the stalk and the disc there is a constriction that allows the disc to tilt about its horizontal axis.
Strength of the palette
With all setae intact, the palette was capable of lifting a mean mass of 5.85 g. As the primary and secondary adhesive setae were removed, the lifting ability of the palette decreased significantly (Fig. 2) . Removal of the primary seta resulted in a significant decrease in lifting ability of 36.4% (t = 10.22, p < 0.05, df = 19) (Fig. 2) . When the secondary seta was removed, there was a further significant decrease in the mean mass lifted of 23.1 % (t = 8.71, p < 0.05, df = 19) (Fig. 2) .
The remaining tertiary setae collectively account for 40.5 % of the lifting ability of the palette (Fig. 2) . Can. J. Zool. Downloaded from www.nrcresearchpress.com by Depository Services Program on 05/09/11
For personal use only.
Discussion
The palettes and associated adhesive setae of male dytiscine beetles have been described previously (Simmermacher 1884; Torne 1910; Blunck 1912a) and have been examined with scanning electron microscopy (Stork 1980b) . Palettes of D. alaskanus are similar to those of other members of the genus (Chatanay 1910; Blunck 19 12a) . There are always two large discs, but the number of tertiary discs can vary from 100 to 1000, depending on the species (Chatanay 1910 ). There appears to be little correlation, however, between the size of the animal and the number and size of discs in the palette (Chatanay 1910) . Differences in palette size and number of setae may confer different lifting abilities on different species, but this would have to be determined experimentally.
In the mating of larger dytiscine beetles (Rkgimbart 1877; Blunck 19 12b; Wesenburg-Lund 19 12; Aiken 1992), there is little or no courtship by the male. Males attack females and attempt to secure a grip on' the dorsum with the palettes. The constriction at the junction of each disc would allow the disc to tilt as it strikes the surface of the female. This would mean that the angle at which the entire palette hits the female is not critical, since the disc can tilt to match the angle of her surface in its immediate vicinity. Stork (1980b) maintains that similar flexibility of the disc about its shaft allows the adhesive setae of some beetles to adhere to irregular plant surfaces.
There is no clear evidence concerning the mode of adhesion of the setae of Dytiscus males to the surface of the female. Stork (1980a) , however, suggests that suction may be used as in this experiment. In this instance, the force of the palette striking the surface of the female would force the discs to flatten, and their elastic return to their original shape would create a negative pressure under them (Nachtigall 1974; Stork 1980~) . Blunck (1912~) described a secretion from glands at the base of the stalk that may act as a sealant or glue. Nachtigall (1974) has described this as a 'suction-and-glue' system. Stork (1980b) has described the adhesive setae in Dytiscus as being of a 'male' type (our primary and secondary adhesive setae) and a climbing type (our tertiary adhesive setae). He suggested that male setae are designed for longer, more 'permanent' attachment (e.g., the time taken for a mating in Dytiscus) and are difficult to remove whereas the climbing type are easily moved. Blunck (1912~) maintains that Dytiscus males keep the adhesive setae on the palette firmly pressed on the pronotum throughout a mating. Adis (1974b) and Aiken (1992) have shown, however, that after a male has coupled securely with a female, he grips the female with the entire foreleg around the pronotum. Indeed, males have significantly longer fore femora than females (Aiken and Wilkinson 1985) , which would seem to be suited to this purpose. In light of this, we suggest that the primary and secondary adhesive setae are not for longer term attachment but rather for secure attachment at the time when the forces generated by an escaping female would be greatest (see below).
On the mesotarsi, Dytiscus males also possess adhesive setae that are all of the smaller tertiary (or climbing (Stork 1980b) ) type. Frame-by-frame analysis of video tapes of mating by D. alaskanus indicates that tertiary adhesive setae are not used in the initial attempts to mate (Aiken 1992) . During a copulation, however, the male does press the mesotarsi onto the dorsum of the female and appears to use them in the 'lateral shake' behaviour that has the effect of reducing movement by the female (Aiken 1992) .
There is the question of why the tarsi are equipped with smaller tertiary setae at all. It would seem that one or two more large setae would have the same effect. Stork (1980b) suggests that a tarsus attached to a surface by means of many smaller setae is easier to move and reattach and that many smaller setae offer better contact wi,th irregular surfaces. Both these factors would be important in Dytiscus. During the course of a mating, male D. alaskanus frequently move their mesotarsi on the elytra of a female. Also, the striated elytra of female D. alaskanus offer an irregular surface to which the larger adhesive setae would have difficulty adhering.
The intact palette is capable of lifting a mass of 5.85 g (Fig.  2) . The mean weight of an adult female D. alaskanus in mating season, however, is approximately 1.5 g (R. B. Aiken, unpublished data) . In other words, the palettes are capable of lifting a mass nearly 4 times that of the female. Adis (1974~) maintains that males can support 13 times their own weight on the palettes but gives no details of the experimental procedure. Differences may also arise from our use of preserved material.
It is clear that palettes of male Dytiscus can lift more weight than required for mating. It may be, however, that the palettes need to overcome more than just the weight of the female. The first response of a mounted female is to swim rapid.1~ and erratically (Rkgimbart 1877; Blunck 1912b; Wesenburg-Lund 1912; Adis 1974a Adis , 1974b Aiken 1992) . In these instances, drag forces generated on the male by an accelerating female are certainly more than her mass. It may be such forces that the male must overcome if he is to maintain contact with the female.
